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10 I, IIA, IIB,














10 N = 1 U(N) 1
[1] IIA
IIB IIB [2]
















Aµ ψ N × N µ = 0 ∼ 9
6
Aµ 10 ψ 10
IIB













































µ = 0 ∼ 9
10 ΓµDµ 4 γ
aDa(a = 0 ∼ 3) 6










2 [14] 6 3
10
IIB 4 6














iAjAk) + SF . (1.5)
[15]




























































Aµ → UAµU †, ψ → UψU †. (2.2)






δ(1)Aµ = i²¯Γµψ, (2.3)
12
δ(2)ψ = ξ,






























ξ − δ(2)ξ δ(1)² )ψ = 0,
(δ(1)² δ
(2)
ξ − δ(2)ξ δ(1)² )Aµ = −i²¯Γµξ, (2.7)
δ˜(1) = δ(1) + δ(2),




ξ − δ˜(1)ξ δ˜(1)² )ψ = 0,
(δ˜(1)² δ˜
(1)
ξ − δ˜(1)ξ δ˜(1)² )Aµ = −2i²¯Γµξ,
(δ˜(2)² δ˜
(2)
ξ − δ˜(2)ξ δ˜(2)² )ψ = 0,
(δ˜(2)² δ˜
(2)
ξ − δ˜(2)ξ δ˜(2)² )Aµ = −2i²¯Γµξ,
(δ˜(1)² δ˜
(2)
ξ − δ˜(2)ξ δ˜(1)² )ψ = 0,
(δ˜(1)² δ˜
(2)





N = 2 SGS





Aµ −→ g1/2Aµ, (2.10)






















R3(xi = 1, 2, 3)
(xi)


























sin θdθY ∗l′m′Ylm = δl′lδm′m, (2.15)
{a, b} ≡ ρ²ijkxi(∂ja)(∂kb). (2.16)
{Ylm, Yl′m′} ≡ ρglm,l′m′,l′′m′′Yl′′m′′ , (2.17)
{xa, xb} = ρ²abcxc, (2.18)
xˆi = αLˆi, (2.19)
α Lˆi SU(2) N
[Lˆi, Lˆj] = i²ijkLˆk. (2.20)
xi


















f lma1,a2,··· ,alxˆa1 · · · xˆal , (2.23)
l l = N − 1
1
N
Tr(Yˆ †l′m′Yˆlm) = δl′lδm′m, (2.24)
[Yˆlm, Yˆl′m′ ] ≡ iαGlm,l′m′,l′′m′′Yˆl′′m′′ . (2.25)
(2.17)
























xa1· · ·xaα−1xb1· · ·xbβ−1xcxbβ+1· · ·xbl′xaα+1· · ·xal
= ρglm,l′m′,l′′m′′Yl′′m′′ , (2.26)




[Yˆlm, Yˆl′m′ ] = [ρ
























xˆa1 · · · xˆaα−1xˆb1 · · · xˆbβ−1xˆcxˆbβ+1 · · · xˆbl′ xˆaα+1 · · · xˆal









glm,l′m′,l′′m′′ = Glm,l′m′,l′′m′′ +O(1/N), (2.28)
N →∞
N







































µ − iθ¯1Γµ∂aθ1 + iθ¯2Γµ∂aθ2. (2.33)
θ1 θ2 10






µ = i(²¯1Γµθ1 − ²¯2Γµθ2), (2.34)






µ = iθ¯1Γµα1 − iθ¯2Γµα2, (2.35)
α1 = (1 + Γ˜)κ1,










²1, ²2 σ κ1, κ2 σ
Γ˜2 = 1 Γ˜
θ1 θ2 θ1 = θ2 = ψ
2.33 2 3 2.31 2
















θ1 = θ2 κ -
δθ1 = δSUSY θ
1 + δκθ
1,























S˜GS N = 2








δ(1)Xµ = 4i²¯Γµψ, (2.42)
δ(2)ψ = ξ,
δ(2)Xµ = 0, (2.43)
S˜GS 2.37











{Xµ, Xν}2 − i
2











































































S˜GS 2.37 SSchild 2.45
S˜GS 2.37 N = 2 SSchild






δ(1)Xµ = i²¯Γµψ, (2.49)
δ(2)ψ = ξ,




















































































































ψ = 0 ψ 6= 0
2.4
S ′IIBMM 2.53 SSchild
2.45








T, L X0, X1
0 ≤ τ ≤ 1, (2.59)
0 ≤ σ ≤ 2pi, (2.60)
IIB (1 + 1) D1-
D-string
2.57 2.53















q, p n× n
[ q , p ] = i, (2.63)
0 ≤ q ≤
√
2pin, (2.64)



























X2(2) = − b2 ,




1 1 D1- 2









































X1(2) = − L2piσ(2),
X2(2) = − b2 ,

















































X3(2) = − b2 ,




















































− Tr log(P 2λ ), (2.72)
Pµ, Fµν M
PµM = [pµ,M ],
FµνM = [fµν ,M ], (2.73)
fµν = i[pµ, pν ]
fµν = c ≡ cµν BPS
N = 2 2.3 2.4 δ(1)ψ = ±1
2
cµνΓ





δ(1) ∓ δ(2))ψ = 0, (2.74)(
δ(1) ∓ δ(2))Aµ = 0, (2.75)
² ξ






· 16− 1)Tr log(P 2λ ) = 0. (2.76)
- BPS-
BPS- 2.62
f01 = i[p0, p1] = − TL
2pin
, (2.77)
fµν = 0, (2.78)








f01 = i[p0, p1] = − TL
2pin
, (2.79)
fµν = 0, (2.80)





f01 = i[p0, p1] = i
TL
2pin
 [q, p] 0
0 −[q, p]
 = − TL
2pin
⊗ σ3, (2.81)
fµν = 0, (2.82)






q ⊗ 12, 1n ⊗ σ3
]
= 0, (2.83)






p⊗ σ3, 1n ⊗ σ3
]
= 0, (2.84)
[p2, f01] = −TLb
4pin
[
1n ⊗ σ3, 1n ⊗ σ3
]
= 0, (2.85)
[ pµ, fνλ] = 0, (2.86)
[pµ, fνλ] = 0. (2.87)
28
[pµ, fνλ] = c
[
P 2λ , Fµν
]































































P 2λ − (a1s1 + · · ·+ a5s5)
)























2.73 1⊗ σ3 Σ3
Σ3M = [1⊗ σ3,M ]. (2.93)








Σ3 0, 0,+2,−2 0 Fµν = 0







P 2λ n × n n
ai Σ















































































































































































































































µ (i = 1, 2, · · · ) ni× ni p(i)µ







µ 1ni + p˜
(i)
µ ,











(i,j) = (d(i)µ − d(j)µ )X(i,j) + p˜(i)µ X(i,j) −X(i,j)p˜(j)µ , (2.103)
d(i,j)µ X









(i,j) = −X(i,j)p˜(j)µ , (2.106)
(PµX)














































































































































Pµ Fµν (i, j) - W (i, j)
W (i,j) W (i,j) i






















































−48Tr(f˜ (i)µν f˜ (i)νλ )Tr(f˜ (j)µρ f˜ (j)ρλ ) + 6Tr(f˜ (i)µν f˜ (i)µν )Tr(f˜ (j)λρ f˜ (j)λρ ))























IIB SIIBMM 2.1 -
Aµ, ψ






















(xi − xj)4 , (2.117)
36
A˜µ, ψ˜ SIIBMM 2.1 2.116
2 S2 Sint S2





µ, A˜ν ] + ¯˜ψΓµ[Xµ, ψ˜]
+[ξ¯, A˜µ]Γ












(xiν − xjν)2A˜ijµ ∗A˜ijµ − ¯˜ψjiΓµ(xiµ − xjµ)ψ˜ij
+(ξ¯i − ξ¯j)Γµψ˜ijA˜ijµ
∗

























































































tr log(ηµν + Sµν(ij)), (2.122)
Sµν(ij) = (ξ¯
i − ξ¯j)Γµαν(ξi − ξj) (x
i
α − xjα)
(xi − xj)4 . (2.123)
log Sµν(ij)





S1−loopeff [X, ξ] =
∑
i<j































































































































(C0 + C1 · (ξi1 − ξj1)), (2.130)
C0 C1 x
ij
µ=0, · · · , xijµ=9 ξijα=2, · · · , ξijα=16
2 1
ξi1 i N − 1
39
ξi1 · · · ξN−11 N − 1
δ(ξi11 − ξi21 )δ(ξi21 − ξi31 ) · · · δ(ξi(k−1)1 − ξik1 )δ(ξik1 − ξi11 ) = 0. (2.131)
ξi1































dy1µ · · · dymµ e−Seff [y], (2.133)
2.119




> = − 1












(xi − xj)2 , (2.135)




µ = Γµ(ξi − ξj). (2.136)





































































N ×N 2× 2 2× 2
(N − 2) × (N − 2)
41




















, ψU(2) = ξ1+ ψSU(2). (2.140)






µ, · · · , xNµ , ξ3, · · · , ξN ]
= S[ASU(2)µ , ψ
SU(2)]
+S ′eff [xµ, ξ; x
3






µ, · · · , xNµ , ξ3, · · · , ξN ] (2.141)
SU(2) xµ, ξ (N − 2)× (N − 2)
2.4.1







 1/r24 r2 À gr8 r2 ¿ g (2.142)
−8 log r
SU(2)






g(xi − xj), (2.143)
g(xi − xj) =
 −4 ln((xi − xj)2/g) for (xi − xj)2 ¿ g0 for (xi − xj)2 À g , (2.144)
Z =
∫

















4 [7, 8] [7]
4











IIB [Ai, [Ai, Aj]] = 0
[pˆi, pˆj] = iBij, (2.146)
pˆi Bij c-
(2.146) Bij d˜













a˜?(k) = a˜(−k) ψ˜?(k) = ψ˜(−k)
2
eAeB = exp(A+B + 1
2








































[qˆ, pˆ] = +i pˆ0 = qˆ pˆ1 = pˆ




dq〈q| exp(ik0pˆB−1) exp(−ik1qˆB−1) exp(ik0k1B−1)|q〉





Pioˆ = [pˆi, oˆ] aˆi










(2.148), (2.149) (2.150) IIB





























• (2.150) Pi d˜
a(x)
Piaˆj(= [pi, aˆj]) −→ −i∂i. (2.154)
IIB Ai
[Ai, oˆ] = [pˆi + aˆi, oˆ] −→ Dio(x) = −i∂io(x) + ai(x) ? o(x)− o(x)?ai(x).
(2.155)
[Ai, Aj] −→ −i(∂iaj(x)− ∂jai(x)) + [ai(x), aj(x)]? ≡ Fij. (2.156)
• IIB
(2.151) IIB
C ij pˆj −→ xi. (2.157)

























































































2 a, b, · · ·
d˜
Fab = [Da, Db]?
U(m)




















2 2.2.1 xi = αLi
Li SU(2) n
∧
2.2.1 Li N n
2 n× n
(2.22) Yˆlm
l n − 1 2 Li 2
Mˆ Li
LiM(Ω) = −i²ijkxj∂kM(Ω)←→ L˜iMˆ = [Li, Mˆ ] = (LLi − LRi )Mˆ. (3.1)




























SGKP = tr[Ψ¯DGKPΨ], (3.3)
DGKP = σi(L˜i + ρai) + 1, (3.4)
ai U(k) Ψ
ai Ψ nk × nk nk × n
Ψ → UΨ,
Ψ¯ → Ψ¯U †,
ai → UaiU † + 1
ρ
(ULiU
† − Li). (3.5)
Ai
Ai ≡ Li + ρai, (3.6)
Ai → UAiU †. (3.7)
(3.4)





 a′i = ²ijknjak,φ = niai, (3.9)
⇐⇒ ai = −²ijknja′k + niφ. (3.10)
























R + ΓRDGKP = 2a(L˜i + ρai)L
R






























= ΓR + aDGKP, (3.18)
Ai (3.6) Γˆ ∧




DGW = −a−1ΓR(1− ΓRΓˆ), (3.20)
SGW = tr[Ψ¯DGWΨ], (3.21)
(3.5) DGW
DGW → D′com = σi(Li + ρPijaj) + 1, (3.22)
Pij = δij − ninj
D′com 2
GW (3.20) GW
ΓRDGW +DGWΓˆ = 0, (3.23)
GW (3.20) ΓR
Γˆ
Index(DGW) ≡ (n+ − n−) = 1
2
T r(ΓR + Γˆ). (3.24)
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2 U(2) [23, 22] TP
Ai = L
(n)







































[Ai, Aj] = i²ijkAk, (3.34)


















m = 0 2 2
2 U(2) |m| = 1
TP |m| = n 2 U(1)





 m = 0  jmj  n  jmj = n
2: m 2
U(2) (m = 0 2
2 ) |m| = 1 TP |m| ≥ 1
U(2) U(1) × U(1)
56
21. (3.35) U(1) U(1)× U(1)



















U † = 2Liτi, (3.39)











T r[P (n±m)(ΓR + Γˆ)]. (3.40)





































































′a)2 = 1 φ′a
T = φ′aτa Fjk = F ajkτ






































− (σiLRi − 12). (4.1)














































M2i |J, J3, δ, ν〉 = J(J + 1) |J, J3, δ, ν〉, (4.11)
M3|J, J3, δ, ν〉 = J3 |J, J3, δ, ν〉, (4.12)
T |J, J3, δ, ν〉 = δ |J, J3, δ, ν〉, (4.13)
ΓR|J, J3, δ, ν〉 = ν |J, J3, δ, ν〉. (4.14)
δ = ±1 Ai L±m/2
L n−1
2
(n = 2L+1) ν = ±1 −LRi + σi2










































δ ν = +1 ν = −1
61
2: Mi (m > 0)
δ (T ) − − + +






◦ ◦ ◦ ◦
m+3
2




























































2|J, J3, δ, ν〉 = n
n+mδ
[








3 ν = +1 ν = −1 T r(ΓR) = −4n




GW] = 0, (4.22)
[T , DmGW] = 0, (4.23)[
ΓR , DmGW
] 6= 0. (4.24)



























GWΓˆ = 0, (4.26)
DmGWΓ
R + ΓˆDmGW = 0, (4.27)
∑
ν cν |J, J3, δ, ν〉 α DmGW (ΓR+
Γˆ)
∑











































cν |J, J3, δ, ν〉 = (aα + 2)c1|J, J3, δ, 1〉+ (aα− 2)c−1|J, J3, δ,−1〉,
(4.31)
2 (δ = −1, J = 2L−m−1
2
)
(δ = 1, J = 2L + m+1
2
) ν = −1 (ΓR +
63
Γˆ)|J, J3, δ, ν = −1〉 (4.31) aα = 2
DmGW
(4.30) −2 < aα < 2 (ΓR+Γˆ)∑ν cν |J, J3, δ, ν〉
DmGW 3




ν cν |J, J3, δ, ν〉
∑
ν cν |J, J3, δ, ν〉









2− aα|J, J3, δ, 1〉+ α|α|
√








J(J + 1)− m2−1
4
] |J, J3, δ, 1〉
|J, J3, δ,−1〉
DmGW
(3.40) DmGW J =
m−1
2
2J +1 = m 2 (δ, ν) = (+1,−1)
Index(P (n+m)DGW) = n+ − n− = 0−m = −m, (4.35)
(δ, ν) = (−1,+1)






























m = 0 m = 1 m = 2 m = 3 m = 4














U †− (σiLRi − 12)



















σi² = −²(τ i)T , (4.38)
σiαα′²α′l = −τ ill′²αl′ . (4.39)
























[−Li(σi²)αl − 2LiLj(σjσi²)αl + Li(σjσjσi²)αl]












iσi²)αl = 0 (4.41)
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(1± ΓR)² = 1
2


























(|m| ¿ n) 2 U(2) (m = 0)






















i, j, k 1, 2, 3
3 Ai N ×N
SO(3) SU(N)
Ai → UAiU †. (5.2)
[Ai, [Ai, Aj]] = −iα²jkl[Ak, Al], (5.3)
Ai = Diag(x
(1)
i , · · · , x(N)i ). (5.4)
Ai = αLi, (5.5)
α Li SU(2) N





















i SU(2) n N =∑k
a=1 na Ai n1 = · · · = nk ≡ n k
k
U(k) [15] k = 2
(5.6) (3.36)



















































































aˆi → aˆi − i
ρ
[Lˆi, λˆ] + i[λˆ, aˆi], (5.10)
ai → ai − i
ρ







(xˆiaˆi + aˆixˆi + αρaˆiaˆi). (5.12)
φˆ→ φˆ+ i[λˆ, φˆ]. (5.13)
2 U(1)
U(k)




aˆa ⊗ T a. (5.15)


































































W0 = − α
4
24g2





n3 − n+ 3m2n), (5.18)
(5.18) m m W
4 4 |m|
U(2) (m = 0)
TP (|m| = 1)





Ai = Xi + A˜i (5.19)
72

















(2l + 1) log [l(l + 1)] . (5.20)
X˜i Xi X˜iM = [Xi,M ] 2
X˜i




(5.20) m = 0 (3.36) 4












(n+m)(n+m− 1)(log[(n+m)(n+m− 1)]− 1)
+(n−m)(n−m− 1) (log[(n−m)(n−m− 1)]− 1)




(2l + 1) log [l(l + 1)]
−4 · 2(log 2− 1)] . (5.22)










[f(n+m) + f(n−m)− 2f(n)]−
m−1∑
l=1






f (4)(n)m4 + · · · ]−
m−1∑
l=1













(2l + 1) log [l(l + 1)]
' 2m2 log n . (5.23)
2 f(x) = x(x− 1){log x(x− 1)− 1} n
n (5.21)
W1 m n
2 log n (5.23) W1 m
(log n)m2 (5.18) W0 m
−n3 m −nm2
W0 ∼ −n3 − nm2, (5.24)
W1 ∼ n2 log n+ (log n)m2. (5.25)






TP |m| = 1





















4: W0 1- W1 m
m = 0 m = 1 2 m = n 1




i ⊗ 12 + hai 1n ⊗ τa. (5.26)
(5.26) (5.1)
















hai 3 4 3 −8 det(hai )
hai ∝ δia 2
(5.27)






V (H) = 2[(trHTH)2 − tr(HTHHTH)]− 8 det(H), (5.28)
(H)ia = h
a
i M = H
TH

















= 4(x1x2 + x2x3 + x3x1)∓ 8√x1x2x3 . (5.29)
x1, x2, x3 M x1x2x3 (5.29)




















2 x1 = x2 = x3 ≡ y2 V (H)

















h = 0 h = 1 TP





T r tr′ log
[
(X˜k)












i ⊗ 12 + hai 1n ⊗ τa,M ], (5.34)










































3 n ≤ 373 n ≥ 374
n
( 5) TP








n3 − n)+ 2 n−1∑
l=1
(2l + 1) log [l(l + 1)]





















h 5 5 (a)
V0(h) (b) n 1-


















(c) n V0 + V1
5: (a) h = 0 h = 1 (b)n
1- h = 0 (c)n






























h TP (|m| = 1)
|m| = 2








T r tr′ log[(X˜k)2δij − 2i²ijkH˜k]






















































































































Aµ = Xµ + A˜µ, (A.2)
ψ = ξ + ψ˜, (A.3)














−A˜ν([Xµ, [Xµ, Xν ]] + 1
2





































Sghost = −Tr([Xµ, b][Aµ, c]), (A.8)
b c















ξ = 0 o O















[Xµ,M ] = X˜µM, (A.12)
[fµν ,M ] = F˜µνM, fµν = i[Xµ, Xν ]. (A.13)
W
W = − log
∫
dadϕdcdb e−S˜2






























1- (5.1) A˜i 2






















































T r tr′ log[(X˜k)2δij + 2([X˜i, X˜j]− iα²ijkX˜k)]
−T r log[(X˜k)2], (A.20)






f(a,Γ)DGW = 1− ΓΓˆ. (B.1)
Γ Γˆ ΓR Γˆ Γ2 = Γˆ2 = 1
f(a,Γ) a Γ f(a,Γ) a
(B.1)
D†GWf(a,Γ)




ΓDGW +DGWΓˆ = 0, (B.3)
D†GWΓ + ΓˆD
†
GW = 0. (B.4)













H N ×N GW
DGW Γ Γˆ
H DGW D†GW
H = H0 ⊕ H¯0, (B.9)
= H′0 ⊕ H¯′0, (B.10)
H0 = {ψ ∈ H|DGWψ = 0}, (B.11)
H′0 = {ψ ∈ H|D†GWψ = 0}, (B.12)
H¯0 H¯′0 H0 H′0
H0 = H′0, H¯0 = H¯′0,
ψ ∈ H0 = H′0 ⇒ Γψ = Γˆψ ∈ H0 = H′0. (B.13)
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)ψ ∈ H0 (DGWψ = 0) (B.3) ΓDGW = −DGWΓˆ Γˆψ ∈
H0 (B.1) Γ Γf(a,Γ)DGWψ = (Γ−
Γˆ)ψ Γψ = Γˆψ Γψ ∈ H0 (B.5)
D†GWψ = 0 ψ ∈ H′0 H0 ⊂ H′0
ψ ∈ H′0 (B.4) Γψ ∈ H′0 (B.6)
DGWψ = 0 ψ ∈ H0 H′0 ⊂ H0
H′0 = H0 H¯′0 = H¯0
ψ ∈ H¯0 = H¯′0 ⇒ Γψ, Γˆψ ∈ H¯0 = H¯′0. (B.14)
)
Γψ ∈ H′0 (D†GWΓψ = 0) (B.4) ΓˆD†GWψ = 0
Γˆ D†GWψ = 0 ψ ∈ H′0
Γˆψ ∈ H0 (DGWΓˆψ = 0) (B.3) ΓDGWψ = 0
Γ DGWψ = 0 ψ ∈ H0
Γψ, Γˆψ ∈ H0 = H′0 ⇒ ψ ∈ H0 = H′0 ψ ∈ H¯0 =
H¯′0 ⇒ Γψ, Γˆψ ∈ H¯0 = H¯′0
ψ ∈ H¯0 = H¯′0 ⇒ Γψ = −Γˆψ (B.15)
)
Γψ = ±ψ (B.4) Γˆ(D†GWψ) = −D†GWΓψ = ∓(D†GWψ)
Γˆψ = ±ψ (B.3) Γ(DGWψ) = −DGWΓˆψ = ∓(DGWψ)
ψ (ψ ∈ H¯0 = H¯′0) Γψ = −Γˆψ
87
(B.13) (B.14) (B.15)
T r(Γ + Γˆ) = T rH0(Γ + Γˆ) + T rH¯0(Γ + Γˆ)
= T rH0(Γ + Γˆ)
= 2(n+ − n−)
= 2 Index(DGW). (B.16)
1 2 (B.14) (B.15)
2 3 (B.14) Γ
Γˆ ±1
(3.24)
Index(DGW) ≡ (n+ − n−) = 1
2
T r(ΓR + Γˆ), (B.17)





T r[P (a)(ΓR + Γˆ)] = 1
2
T r(a)[ΓR + Γˆ(a)]. (C.1)
a = n±m P (a) (3.41) 2L(a)+1

























T r[P (a)(ΓR)] = 1
2




J2i = J(J + 1) = L(L+ 1) +
3
4

























− LRi SU(2) L + 12 L − 12 2
ΓR J = L + 1
2
J = L − 1
2
2 J = L + 1
2





) + 1 = 2L+ 2
λL+ 1
2
= (2L+ 2)(2L(a) + 1), (C.6)
J = L− 1
2








= 2L(2L(a) + 1), (C.7)
1
2







= −(2L(a) + 1), (C.8)
1
2































−L(a)(L(a) + 1)− 3
4












′ = L(a)+ 1
2
J ′ = L(a)− 1
2





Γˆ(a) 2(L(a) + 1
2
) + 1 = 2L(a) + 2
λL+ 1
2
= (2L(a) + 2)(2L+ 1), (C.11)
J ′ = L(a) − 1
2





) + 1 = 2L(a)
λL− 1
2
= 2L(a)(2L+ 1), (C.12)
1
2












T r[P (a)(ΓR + Γˆ)] = 1
2
T r(a)[ΓR + Γˆ(a)] = 2(L− L(a)), (C.14)
a = n±m L(n±m) = n±m+1
2









T r[P (n±m)(ΓR + Γˆ)] = ∓m, (C.16)
D GKP DGKP
(3.36) DGKP (3.4)









i L±m/2 −LRi L





























l (D.2) m > 0 6






















































δ = −1 δ = 1













































m = 0 m = 1 m = 2 m = 3 m = 4
Æ =  1 Æ = 1 Æ =  1 Æ = 1 Æ =  1 Æ = 1 Æ =  1 Æ = 1 Æ =  1 Æ = 1
7: GKP
92



















2|J, J3, δ, ν〉 = (J + 1
2
)2 |J, J3, δ, ν〉, (D.8)




GKP] = 0, (D.9)
[T , DmGKP] = 0, (D.10)[
ΓR , DmGKP
] 6= 0, (D.11)











































































































































































c1|J, J3, δ, ν = 1〉. (D.22)
α = ±(J + 1
2
)
2 J = m−1
2
δ
ν = +1 ν = −1 (D.22)
α = −m DmGKP





,+1,−1) δ ν = −1





























































|J, J3, δ, ν = 1〉
]
, (D.24)
α = ±(J+ 1
2





D′ m=1com = σ · L+ 1 +
1
2
σ · τ − 1
2
(n · σ)(n · τ). (E.1)
(4.37)






t = n · τ, (E.3)
γ = n · σ. (E.4)
Mi t U(1) γ
[Mi , t] = 0, (E.5)
[Mi , γ] = 0, (E.6)
[t , γ] = 0. (E.7)
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M2i |J, J3, δ, ν〉 = J(J + 1) |J, J3, δ, ν〉, (E.8)
M3|J, J3, δ, ν〉 = J3 |J, J3, δ, ν〉, (E.9)
t|J, J3, δ, ν〉 = δ |J, J3, δ, ν〉, (E.10)
γ|J, J3, δ, ν〉 = ν |J, J3, δ, ν〉, (E.11)
Li + σi2 τi2
Mi = (Li + σi2 ) + τi2
J =

l + 1 (l ≥ 0),
l (l ≥ 0),
l (l ≥ 1),
l − 1 (l ≥ 1).
(E.12)
l Li Mi 3
8
3: Mi
δ − − + +
J ν + − + −
0 ◦ ◦
1 ◦ ◦ ◦ ◦
2 ◦ ◦ ◦ ◦











8 (E.29) (δ, ν) = (−1,+1) (+1,−1)
(E.18) (E.19) (E.22) ν = +1 ν = −1 J ≥ 1 J, J3, δ
D′ = τ · L+ 1+ 12σ · τ − 12 (n · σ)(n · τ) δ = +1




2 =M2i , (E.13)
(D′ m=1com )


















2 |J, J3, δ, ν〉 = J(J + 1) |J, J3, δ, ν〉. (E.17)








t , D′ m=1com
]
= 0, (E.19)[
γ , D′ m=1com
] 6= 0, (E.20)
























ν cν |J, J3, δ, ν〉 α D′ m=1com γ
∑


































ν cν |J, J3, δ, ν〉
∑
ν cν |J, J3, δ, ν〉
|c1|2 − |c−1|2 = 0, (E.26)





|J, J3, δ, 1〉+ α|α| |J, J3, δ,−1〉
]
, (E.28)
|J, J3, δ, 1〉 |J, J3, δ,−1〉
Mi 3 J = 0 ²αl
niσiαα′²α′l α l
(D′ m=1com )² = 0 (D
′ m=1
com )n · σ² = 0
t γ 2
(δ, ν) = ±(−1,+1) (4.39)
1
2
[1± n · σ]αα′²α′l = 1
2
[1∓ n · τ ]ll′²αl′ , (E.29)
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